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a b s t r a c t
Flow injection analysis (FIA) with amperometric detection was employed for the quantiﬁcation of N-
acetylcysteine (NAC) in pharmaceutical formulations, utilizing an ordinary pyrolytic graphite (OPG)
electrode modiﬁed with cobalt phthalocyanine (CoPc). Cyclic voltammetry was used in prelimi-
nary studies to establish the best conditions for NAC analysis. In FIA-amperometric experiments the
OPG–CoPc electrode exhibited sharp and reproducible current peaks over a wide linear working range
−5 −3 −1 −1 −1 2eywords:
-acetylcysteine
PG–CoPc
obalt phthalocyanine
oltammetry
(5.0×10 –1.0×10 mol L ) in 0.1mol L NaOH solution. High sensitivity (130mAmol cm ) and a
low detection limit (9.0×10−7 mol L−1) were achieved using the sensor. The repeatability (R.S.D.%) for 13
successive ﬂow injections of a solution containing 5.0×10−4 mol L−1 NAC was 1.1%. The new procedure
was applied in analyses of commercial pharmaceutical products and the results were in excellent agree-
ment with those obtained using the ofﬁcial titrimetric method. The proposed amperometric method is
highly suitable for quality control analyses ofNAC inpharmaceuticals since it is rapid, precise and requires
recomharmaceuticals much less work than the
. Introduction
The utilization of chemically modiﬁed electrodes has received
ncreasing interest for many types of applications. The main reason
or this preference is settled on the possibility of the user still free
o deliberately control and manipulate the properties of the sen-
or surface. Many areas of analysis have beneﬁted from the unique
roperties of these new sensors, and species that were previously
ot easily quantiﬁable by voltammetric methods can now be stud-
ed. The use of modiﬁed electrodes for pharmaceutical analyses is a
rowing ﬁeld of research [1,2], with the combination of voltamme-
ry and ﬂow injection analysis markedly improving sensitivity and
peed of analysis [3]. Transition metal phthalocyanine complexes
rewidely recognized for their excellent electrocatalytic properties
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and are used in the detection of many important analytes [4–6].
The electrochemical applications of Schiff base complexes of vari-
ousmetals include thedevelopmentofnovel electrocatalysis-based
sensors and their use as ion-carriers in ion-selective electrodes [7].
N-acetylcysteine (NAC) is a pharmaceutical drug used primarily
as a mucolytic agent since it is able to cleave disulﬁde bonds, con-
verting them into two sulfhydryl groups. This reduces the chain
length, which thins the mucus and so makes it easier to eliminate.
N-acetylcysteine can also be very effective as an antidote in cases of
acetaminophen poisoning [8]. In addition, this drug has an antiox-
idant action, and some authors have even suggested that NAC can
aid in the complexation and elimination of heavy metals, as well as
preventing some types of cancer [9].
There are many methods described in the literature for the
quantiﬁcation of NAC, including titrimetry [10], spectrophotome-
try [11,12], chemiluminescence [13], ﬂuorimetry [14], turbidimetry
[15], amperometry [16] and cathodic stripping voltammetry [17].
Open access under the Elsevier OA license. Many of these methods have been associated with chromato-
graphic methods [18,19].
In this paper we describe a very simple and effective system
which employs a pyrolytic graphite electrode modiﬁed with cobalt
phthalocyanine (CoPc) and a FIA-amperometric detection system,
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Fig. 1. (A) Details of the ﬂow cell employed in this study: (a) electrode body (Teﬂon); (b) metallic rod; (c) epoxy resin body; (d) Plexiglas cell body; (e) steel tube (auxiliary
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arrier reservoir (b) peristaltic pump; (c) syringe for sample aspiration; (d) rotary i
omputer.
or NAC quantiﬁcation in pharmaceutical products. The character-
stics of theproposed system include simplicity, precision and rapid
esponses, as described in the following sections.
. Experimental
.1. Chemicals and solutions
All chemicals were of analytical grade and used without addi-
ional puriﬁcation. Cobalt (II) phthalocyanine (CoPc) and NaOH
ere obtained from Merck. N-acetylcysteine (NAC) was purchased
rom Sigma–Aldrich. For both voltammetric and ﬂow analysis
xperiments, 0.1mol L−1 NaOH solution was used as the support-
ng electrolyte. Stock solutions of NAC were freshly prepared in
.1mol L−1 NaOH. All solutions were prepared using deionized
ater (Millipore Milli-Q Plus, Millipore) with a resistivity not less
han 18M cm.
.2. Electrochemical measurements
Voltammetric measurements were performed using a BioAna-
ytical Systems (BAS) Model CV-50W electrochemical workstation.
mperometric measurements were performed using a -Autolab
ype III potentiostat (Eco Chemie) connected to a microcomputer
nd controlled by Autolab GPES v. 4.8 software. A conventional
hree-electrode cell, consisting of a pyrolytic carbon electrode,
platinum wire and a calomel electrode was employed for the
oltammetric measurements. The working electrode was con-
tructed using a pyrolytic graphite rod (length 8mm, diameter
mmUnionCarbide Co., Cleveland, Ohio, USA), embedded in epoxy
esin. For the ﬂow injection analysis experiments, a simple ﬂowcell
as built in our laboratory (Fig. 1A) in such a way as to ﬁt the same
yrolytic carbon electrode previously employed in the voltam-
etric experiments. A miniaturized Ag/AgCl/KClsat electrode was
onstructed in the laboratory for use in the same ﬂow cell [20]..3. Electrode preparation
Prior to modiﬁcation, the basal plane of the ordinary pyrolytic
raphite electrode (OPG) was polished with 2000 grit emery paper,
ashed with deionized water, than transferred to a beaker con-G rod; (j) Teﬂon tape, B) ﬂow injection manifold used for NAC determinations: (a)
r; (e) sample reservoir (f) ﬂow cell (detailed on the left side); (g) potentiostat; (h)
taining deionized water and sonicated for 2min. After cleaning,
the electrode was immersed for 20min in a 1×10−3 mol L−1 CoPc
dimethylsulfoxide solution. Finally, it was washed with puriﬁed
water, dried and it was then ready to use.
2.4. Flow analysis
The ﬂow measurements employed a single channel manifold
(Fig. 1B) connected to the homemade wall-jet ﬂow cell. A peri-
staltic pump (Model 78016-30, Ismatec S/A) was used to propel
the carrier solutions. A manually operated rotary valve was used to
introduce the standards and samples into the ﬂow stream. The car-
rier solution was 0.1mol L−1 NaOH. This electrolyte was selected
based on the voltammetric experiments undertaken previously.
Polyethylene tubes (0.8mm i.d.) were used to connect all parts of
the system. All experiments were carried out at room temperature
(23±3 ◦C).
2.5. Analysis of the pharmaceutical samples
The proposed procedure was applied to the analysis of four
commercial pharmaceutical samples, two in solid form (sachets
containing 100 and 600mg of N-acetylcysteine) and two in liquid
form (ampoules nominally containing 300mg of N-acetylcysteine),
acquired from different suppliers. No special pre-treatment was
required for anyof these samplesprior to analysis. Aknownamount
of each samplewas transferred to a volumetric ﬂask (50 or 250mL),
and the volume made up with 0.1mol L−1 NaOH. Further dilutions
were used to obtain the ﬁnal concentrations of N-acetylcysteine
used in the analyses.
Quantiﬁcation of the NAC contents of the pharmaceutical sam-
ples was based on an analytical curve constructed from a series
of standard solutions. Each solution (standards and samples) was
injected at least three times in sequence, and the results were
expressed as the mean value of the resulting signals. The percent-
age content of N-acetylcysteine in each sample was determined
by interpolation of the signals on the analytical curve. The results
obtained with the modiﬁed electrode were compared with those
obtainedusing the iodometricmethod, recommended in theBrazil-
ian Pharmacopoeia [21].
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. Results and discussion
.1. Electrochemical behavior of the CoPc complexes
Fig. 2 illustrates the cyclic voltammograms obtained using
he basal plane pyrolytic graphite electrode in the de-aerated
.1mol L−1 NaOH solution (A) without and (B) with CoPc adsorbed
n its surface. The voltammogram recorded with the unmodiﬁed
lectrode shows a low background current in a wide potential win-
ow, in agreement with results reported previously [22]. For the
lectrode modiﬁed with CoPc, two well-deﬁned peaks appeared
t −0.60V. According to previous studies, these peaks can be
ttributed to the presence of the metallic center and are associated
ith the redox process involving Co(II)Pc/Co(I)Pc [5,23,24]. These
eaks became more intense and visible during the second and sub-
equent scans, probably due to optimization of the phthalocyanine
lm (data not shown).
Studies involving different scan rates demonstrated the excel-
ent behavior of the phthalocyanine. A linear relationship between
he potential scan rate and the current peak was observed
etween 50 and 500mVs−1 (Fig. 3). Based on the charge under
he voltammetric peaks, and assuming that one electron was
nvolved in the redox process, a surface coverage of approximately
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ig. 3. (A) Cyclic voltammograms for the OPG electrode modiﬁed with CoPc in N2 saturat
.3, (e) 0.4, (f) 0.5. (B) Relationship of the peak current (i) and the scan rate ().Fig. 4. Cyclic voltammograms for the bareOPGelectrode (A andB) and the electrode
modiﬁed with CoPc (C and D), in the absence of NAC (A and C) or in the presence of
5.0×10−4 mol L−1 NAC (B and D) in N2-saturated 0.1mol L−1 NaOH solution. Scan
rate: 100mVs−1.
3.5×10−10 mol cm−2 wasestimated. Thesevaluesare close to those
obtained by other authors [5,25].
3.2. Electrocatalytic oxidation of NAC
The need for highly positive potentials to oxidize thiol-
containing compounds, including N-acetylcysteine and cysteine,
on conventional electrodes has been reported in several studies
[6,8,26–28]. The experiments shown in Fig. 4 were performed
to demonstrate the electrocatalytic activity of CoPc in the oxi-
dation process involving NAC. Cyclic voltammetric experiments
performed with the unmodiﬁed electrode (A and B) generated ﬂat
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ig. 5. Cyclic voltammograms for the OPG/CoPc electrode in the presence of
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Vs in a broad potential window (from −1.3V to 0.3V). In the
resence of 5×10−4 mol L−1 NAC (B), a small signal appeared at
otentials greater than 0.2V. A different behavior was observed in
he experiments using electrodesmodiﬁedwith phthalocyanine. In
he absence of NAC, the characteristic pair of peaks from the CoPc
lm appeared (C), and in the presence of NAC (D) CoPc strongly cat-
lyzed the oxidation of this compound, with a shift of the oxidation
otential to 0.0V. The elevated current recorded in this experi-
ent (130mAmol−1 cm−2)was a clear demonstration of the strong
atalysis induced by the phthalocyanine ﬁlm.
Further experiments conﬁrmed the good performance of the
odiﬁed electrode. Cyclic voltammetric scans using NAC in the
×10−4 to 10×10−4 mol L−1 concentration range showed a highly
inear response, reﬂecting the inﬂuence of the modiﬁcation of the
PG with CoPc (Fig. 5). This suggests that this technique should be
uitable for the quantiﬁcation of NAC in many different pharma-
eutical products.
.3. Flow injection analysis (FIA) of NAC
The high current density observed in the previous experiments
as a result of the strong catalysis achieved at the OPG–CoPc inter-
ace of the modiﬁed electrode. These results suggested that the
ensor could also be effective for the quantiﬁcation of NAC by
mperometry in aﬂowanalysis system. To investigate this possibil-
ty, a new wall-jet cell (shown in Fig. 1) was built in our laboratory
nd a ﬂow system was assembled. Since the previous experiments
ad shown that the best results were obtained when 0.1mol L−1
aOHwasusedas the supportingelectrolyte, the samesolutionwas
sed here as the carrier solution and to prepare the NAC solutions.
Optimization of the FIA method involved consideration of the
nﬂuences of ﬂow rate, sample volume and the distance between
henozzleand thedetector.A solutionof theNAC(5×10−4 mol L−1)
n 0.10mol L−1 NaOH was monitored at 0.0V (vs. Ag/AgCl/KClsat).
he effect of the injected volume (in the range of 25–100L)
n the analytical signal was measured. The signal increased with
ampling volume from 25 to 75L and then remained almost
onstant for greater volumes. A volume of 75L was selected
or subsequent experiments since it represented a compromise
etween the magnitude of the analytical signal and sampling fre-
uency. The inﬂuence of ﬂow rate was examined in the range of
.5–2.5mLmin−1. At lower ﬂow rates, small and broad peaks were
btained, resulting in longer times required for the signal to return
o the base line. Flow rates between 2.0 and 2.5mLmin−1 resulted
n similar peak heights. A ﬂow rate of 2.0mLmin−1 was selected
ince this provided a good response time, moderate consumptionFig. 6. Flow injection analysis of NAC utilizing a bare OPG (A) and a CoPc modiﬁed
OPG electrode (B). Each peak corresponds to injections of 150L of 5×10−4 mol L−1
NAC. Flow rate: 2mLmin−1; potential 0.0V (vs. Ag/AgCl/KClsat).
of the carrier solution and high sampling frequency. The amper-
ometric signal measured in the wall-jet cell was dependent on
the position of the electrode. The same signal was obtained for
electrode positions ranging from being almost in contact with the
nozzle up to a distance of 2mm. The signal then decreased rapidly
at greater distances.
Fig. 6 presents the responses of the unmodiﬁed and modi-
ﬁed electrodes when 5×10−4 mol L−1 standard NAC solution was
injected into the ﬂow system. The ﬁrst series of experiments
(Fig. 6A) was obtained using an unmodiﬁed OPG electrode. To
demonstrate the stability of this system, a high sensitivity was
selected and the analyte was injected. The baseline was very sta-
ble and the noise was estimated as about 2nA (peak to peak). A
reproducible peak was recorded, but based on the CV studies, at
0.0V any NAC should be oxidized on the unmodiﬁed electrode. The
reason for the appearance of this small peak is not clear, but two
possibilities must be considered: One possibility could be the oxi-
dation of very low concentrations of impurities accompanying the
NAC sample. The second and more probably reason is the charg-
ing/discharging process of the electrode’s electrical double layer.
It is important to consider that even in presence of 0.1mol L−1
NaOH, when 5×10−4 mol L−1 of NAC (absent in the carrier solu-
tion) is injected, it could inﬂuence the electrical double layer in
this extension.
A similar series of experiments using the modiﬁed OPG–CoPc
electrode (Fig. 6B) produced very intense peaks. It is important
to attend to the different current scales in the two series of
experiments in Fig. 6. The current recorded with the modiﬁed elec-
trode was around 500 times larger than that obtained using the
unmodiﬁed electrode. This means that the current recorded for
the unmodiﬁed electrode when NAC was injected corresponded to
∼10−7 mol L−1 of the analyte. This is an estimate, since the active
areas of the bare and modiﬁed electrodes were not the same.
The geometry of the wall-jet cell ensured a rapid washout of
the electrode and the current signal returned to baseline in less
than 20 s, so that a frequency in the region of 180 analyses per
hour could be achieved. Under the conditions described, the rela-
tive standard deviation (R.S.D.%) for thirteen-replicate analyses of
5.0×10−4 mol L−1 NAC was 1.1%. Linearity was achieved between
NAC concentrations in the range of 5×10−5 to 1×10−3 mol L−1,
with a correlation coefﬁcient of 0.999. The limit of detection and
−7 −1 −6 −1quantiﬁcation was 9.0×10 mol L and 3.0×10 mol L NAC,
calculated using 3Sb/m and 10Sb/m, respectively (where Sb is the
standard deviation of the blank signal, and m is the slope of the
calibration curve, for n=5).
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.4. Analytical applications
The performance of the OPG/CoPc electrode for the direct
etermination of N-acetylcysteine in pharmaceutical formulations,
sing amperometry combined with ﬂow injection analysis was
valuated using the same conditions previously established for the
uantiﬁcation of the analyte in solid and liquid samples.
A series of NAC standard solutions of different concentrations
0.05, 0.25, 0.50, 0.75and1.00mmol L−1)were injected into the sys-
em. Linear regression of the responses gave the equation: y=0.035
±3.34×10−4)−0.171 (± 0.157) (r=0.9999), where y is the peak
eight (A), and x is the NAC concentration (mol L−1). Fig. 7
resents a series of amperometric signals obtained for the sequen-
ial injection (in triplicate) of the ﬁve standards solutions (a–e)
escribed above and four pharmaceutical samples (indicated by A,
, C and D) together with a new series of injections corresponding
o the same calibration curve.
Table1presents the results obtainedusing theofﬁcial procedure
21], the proposed FIA method and the label value. Comparison
etween the ofﬁcial procedures described in the Pharmacopoeia,
hich is based on iodometric titrations, and the method proposed
ere showed very good agreement. Advantages of the new method
nclude speed, low consumption of reagents, minor waste genera-
ion and ease of operation.
able 1
AC determination in pharmaceutical samples using the proposed FIA system and
he ofﬁcial method, described in the Brazilian Pharmacopeia [21].
NAC (mg) Labelled FIAa Standarda Er1 (%) Er2 (%)
Fluimiucilb 300.0 293.9 ± 6.8 303.5 ± 4.9 −2.0 −3.2
Airesc 100.0 103.0 ± 3.3 102.3 ± 1.9 3.0 0.7
União Químicab 300.0 290.6 ± 0.5 308.5 ± 2.5 −3.1 −5.8
Germedc 600.0 587.3 ± 5.8 603.0 ± 1.2 −2.1 −2.6
=3, conﬁdence level 95%.
r1 (relative error—FIA vs. labelled).
r2 (relative error—FIA vs. reference).
a Mean of three determinations± SD.
b mg N-acetylcysteine per ampoule.
c mg N-acetylcysteine per sachet.
[
[
[
[
[3 (2011) 1701–1706 1705
3.5. Recovery and interferences studies
Besides the comparison with the ofﬁcial method, the use of
a recovery experiment is another means of assessing the perfor-
mance of a new method. Here, the recoveries were investigated
using three different pharmaceutical products. Samples were
spiked with known amounts of NAC and the new compositions
were analyzed. In all cases, the recoveries were in the range of
96.9–101.1%, which indicates that the proposed method should be
both reliable and sensitive for the determination of NAC in phar-
maceutical formulations.
The inﬂuence of different species, such as EDTA, sucrose, and
citric acid (which are present in thepharmaceutical products inves-
tigated) was evaluated using the same conditions described for the
previous experiments. EDTA did not show any effect in a concen-
tration 50 times greater than that of NAC. Sucrose and citric acid
caused a positive interference (close to 5%) on the response when
using 25:1 (interfering specie/NAC) concentration ratio. These con-
centration ratio values were much higher than those found in
pharmaceutical formulations containing N-acetylcysteine. None of
the substances caused any interference at a concentration ratio of
1:1.
4. Conclusion
The results presented in this work provide a strong demonstra-
tion of the advantages gathered by the association of voltammetry
with ﬂow injection analysis for the determination of NAC in phar-
maceutical products. In theproposedmethod, the samples required
a simple dilution in the supporting electrolyte, without the neces-
sity of time-consuming reactions, avoiding the use of toxic and
expensive solvents or the requirement of costly instrumentation.
The utilization of OPG–CoPc leads to a signiﬁcant decrease in the
oxidation potential and to a large increase of the voltammetric sig-
nal. Good repeatability, a wide linear working range, low limits of
detection and quantiﬁcation and a high sampling frequency were
easily achieved with the proposed method. Moreover, the substi-
tution of classical iodometric titration by amperometry and FIA
is very attractive, especially due the great speed of analysis (120
or even 180 samplesh−1), generating fewer residues. In addition,
the possibilities of introduce a high level of automation and/or
mechanization is another advantage, particularly for applications
in routine analysis.
Acknowledgements
The authors gratefully acknowledge ﬁnancial support from
Brazilian foundations: Fapesp, CNPq (Proc.302074/2008-2 and
142008/2009-5) and CAPES.
References
[1] A.E. Radi, Curr. Pharm. Anal. 2 (2006) 1–8.
[2] J.F. van Staden, R.I. Stefan-van Staden, Talanta 80 (2010) 1598–1605.
[3] F.S. Felix, L. Angnes, J. Pharm. Sci. 99 (2010) 4784–4804.
[4] J.H. Zagal, Coord. Chem. Rev. 119 (1992) 89–136.
[5] J.H. Zagal, M. Paez, A.A. Tanaka, J.R. Santos Junior, C. Linkous, J. Electroanal.
Chem. 339 (1992) 13–30.
[6] S. Marre, R. Nyokong, J. Electroanal. Chem. 492 (2000) 120–127.
[7] D. Mimica, F. Bedioui, J.H. Zagal, Electrochim. Acta 48 (2002) 323–329.
[8] W.T. Suarez, L.H. Marcolino, O. Fatibello, Mircrochem. J. 82 (2006) 163–167.
[9] R.D. Estensen,M. Levy, S.J. Klopp, A.R. Galbraith, J.S.Mandel, J.A. Blomquist, L.W.
Wattenberg, Cancer Lett. 147 (1999) 109–114.
10] K.K. Verma, Talanta 26 (1979) 277–282.
11] M.C.G. Alvarez-Coque, M.J.M. Hernandez, R.M.V. Camanas, C.M. Fernandez,
Analyst 114 (1989) 975–977.
12] A.L.D.T. Fornazari, W.T. Suarez, H.J. Vieira, O. Fatibello, Acta Chim. Slov. 52
(2005) 164–167.
13] J.X. Du, Y.H. Li, J.R. Lu, Anal. Chim. Acta 448 (2001) 79–83.
14] S.M. Al-Ghannam, A.M. El Brashy, B.S. Al-Farhan, Fármaco 57 (2002) 625–629.
1 anta 8
[
[
[
[
[
[
[
[
[
[706 I.S.d. Silva et al. / Tal
15] W.T. Suarez, H.J. Vieira, O. Fatibello-Filho, J. Braz. Chem. Soc. 18 (2007)
1028–1033.
16] M.H. Pournaghi-Azar, F. Ahour, J. Electroanal. Chem. 622 (2008)
22–28.
17] F.G. Banica, J.C. Moreira, A.G. Fogg, Analyst 119 (1994) 309–318.
18] C. Celma, J.A. Allué, J. Prunonosa, C. Perraire, R.J. Obach, Chromatogr. A 870(2000) 13–22.
19] B. Toussaint, Ch. Pitti, B. Streel, A. Ceccato, Ph. Hubert, J. Crommen, J. Chro-
matogr. A 896 (2000) 191–199.
20] J.J. Pedrotti, L. Angnes, I.G.R. Gutz, Electroanalysis 7 (1996)
673–675.
21] Farmacopéia Brasileira, 4 ed., Editora Atheneu, São Paulo, 1988.
[
[
[
[3 (2011) 1701–1706
22] A.J. Bard, L.R. Faulkner, ElectrochemicalMethods, JohnWiley & Sons, NewYork,
1980.
23] J.H. Zagal, M.A. Gulppi, M. Isaacs, G. Cárdenas-Jirón, M.J. Aguirre, Electrochim.
Acta 44 (1998) 1349–1357.
24] J.H. Zagal, M.A. Gulppi, C.A. Caro, G. Cárdenas-Jirón, M.J. Aguirre, Electrochem.
Commun. 1 (1999) 389–393.25] A. Vanderputten, A. Elzing, W. Visscher, E. Barendrecht, J. Electroanal. Chem.
213 (1986) 523–533.
26] D.R. Carmo, R.M. Silva, N.R. Stradiotto, J. Braz. Chem. Soc. 14 (2003) 616–620.
27] E.F. Perez, L.T. Kubota, A.A. Tanaka, G.G. Neto, Electrochim. Acta 43 (1998)
1665–1673.
28] N.S. Lawrence, J. Davis, R.G. Compton, Talanta 53 (2001) 1089–1094.
